Abstract-To model particle and heat-loss terms at the edge of a tokamak with a divertor or pumped limiter, a simple two-chamber formuluation of the scrapeoff has been constructed by integrating the fluid equations, including sources, along open field lines. The model is then solved for a wide range of density and temperature conditions in the scrapeoff, using geometrical parameters typical of the poloidal divertor in the poloidal divertor experiment (PDX). The solutions characterize four divertor operating conditions for beam-heated plasmas: plugged, unplugged, blowthrough, and blowback.
I. INTRODUCTION PLASMA-TRANSPORT MODELS of radial flow in tokamaks with a divertor or pumped limiter must include particle and heat-loss terms due to flow along magnetic-field lines in the scrapeoff. The plasma entering the scrapeoff flows along open field lines until it reaches the neutralizer plate. The resulting neutral gas interacts with the incoming plasma and modifies its properties and flow. The greatest effect occurs when there is a large recycling of the neutral gas. This happens when the neutrals are ionized by the plasma near the neutralizer and are swept back to the neutralizer with the cycle repeated a number of times. This enhancement of the plasma flow near the neutralizing surface serves to amplify the particle flux and reduce the temperature, thereby minimizing erosion. The amplification of particle flux due to recycling also reduces the upstream plasma flow velocity along the field lines in the scrapeoff, thus changing the edge density of the main plasma region.
The plasma flow in divertors has been modeled as a fluid with one-and two-dimensional codes [1] incorporating numerical models of the neutral transport, such as Monte Carlo treatments [2] . These treatments require significant amounts of computer time and are useful only for studying specific examples of divertors and/or the scrapeoff regime. They are impractical as models for edge loss in the scrapeoff for the large codes used to model the radial flow in plasma transport. Instead, simpler models of the scrapeoff must be used that do not require excessive amounts of computer time. We have developed a simple two-chamber model to explore the effects of recycling on both the characteristics of the high-recycling regions and the main plasma-radial transport in the scrapeoff. In this paper, we describe the model, provide solutions for the scrapeoff region as a stand-alone calculation, and compare it to detailed numerical models. The radial-transport modeling using the BALDUR code is described in another paper [3] . Related two-chamber models have been developed by other authors [4] , but generally employ more complicated treatments of the neutral transport. These models also use too much computer time to be practical for the radial-transport models.
II. THE TWO-CHAMBER MODEL To solve for the flow of material entering the scrapeoff into a high-recycling region, we ignore all radial flows in the scrapeoff and consider only parallel flow along the field lines. The fluid equations, including sources, have been derived in arbitrary coordinates by Singer and Langer [5] , who also evaluated the most important transport terms in a collision-dominated plasma. When cross-field transport near the midplane is sufficient to give broad profiles of density and temperature, only flow along the field lines need be considered near the divertor [6] . Assuming a constant ratio of poloidal to total magnetic field Be/B, the fluid equations for the flows of ions, total momentum, and total energy can be written ion source due to ionization of neturals, thermal pressure, energy source, parallel electron heat conduction, and and s is the distance along a magnetic-field line. Neglected are viscosity terms, electron momentum, and neutral friction on the ions. Integrating these equations from the main plasma chamber (subscript 1) to the divertor chamber (subscript 2) (see Fig. 1 ) near the material boundary yields (mu' + 2T2)n2 = (mu2 + 2TI)n,
-(5 T, F, + q Wd,E Q2 e 5T l+q1) = JW ds AEJ S ds (6) where F = nu is the particle flux, Q2 = 2(yi+ 'ye) r2 T2 is the energy flux assumed to flow through the plasma sheath, with Fig. 1 , where the length of the scrapeoff is given by the distance along the field line from the midplane LI = 7rqR, where q is the safety factor and R is the major radius of the tokamak torus.
To close this set of equations, we need a model for the neutral transport. Adopting the approach of Post et al. [7] , we write d(novo) = -S= -nno (avu)ion ds and, providing that vo is a constant, find
Here it is assumed that a fraction (1 - In the model calculations described below, we adopt aL= 0.1 [6] , (auv)j0 is taken from Freeman and Jones [12] , and E0 = 3 eV is characteristic of the energies for atomic hydrogen produced from the dissociation of H2. If H°is produced by change exchange, then 10 eV would be a more realistic energy (higher energies may be present if the hydrogen is produced by wall reflection [13] ).
Equations (4), (5), and (7) along with the definitions for F, Q2, X2, and qe, can be combined and substituted into (6) to yield an algebraic equation for the heat transport. Given n, and T,, this equation was solved for T2 by making a binary search between a minimum temperature of 1 eV and TI.
III. RESULTS
To explore the predictions of the two-chamber model, the approximate fluid equations were solved for physical parameters used by Petravic et al. [14] and representative of poloidal divertor experiment (PDX) diverted plasma: LI = 400 cm and L2 = 40 cm. The flow at the plate is assumed to be sonic (Mach number, M = 1) and the energy loss AE = 40 eV. While this model is necessarily simple, it contains the basic contributions of importance for parallel flow in the scrapeoff divertor region and should reproduce their qualitative features. The input parameters are the density and temperature in the scrapeoff (nI, T, ) and the pumping fraction in the divertor (fpump)
The density and temperature in the divertor (n2, T2) and fluid velocity in the scrapeoff (ul) are determined from (4)-(7).
From these the fluxes F, and r2, Mach number MI, and recycling R = F2/rF, can be calculated.
The midplane Mach number in Fig. 2 is shown as a function of midplane scrapeoff density for a range of pumping fractions. The temperature in the scrapeoff is fixed at 95 eV. The decrease in Ml with increasing density is a consequence of the increased recycling in the divertor. The recycling is large if the ionization opacity for the neutrals in the divertor is much greater than one. The effect of increasing the pumping is to make it more difficult to sustain high recycling because the source of returning neutrals in the divertor is decreased.
The temperature behavior in the divertor is important for understanding divertor operation and for comparison with experiments. Correspondingly, the midplane Mach number is important for determining the loss of plasma in the scrapeoff. The stagnates. This behavior in the flow is seen in Fig. 4 . At sufficiently low scrapeoff temperature (T1 < 30 eV), however, the divertor temperature is too low to attain such large opacities and the flow never stagnates (though it can be small).
At sufficiently high density n1 (depending on temperature in the scrapeoff) the divertor temperature drops, and sometimes sharply, to a very low value, '-3-4 eV. Further decrease is inhibited by the exponential sensitivity of (civ) to tempera- Various operating regimes for a tokamak divertor can be tentatively identified with different regions of the temperature, density, and Mach-number plots as indicated in Figs. 3 and 4. These are: plugged, unplugged, blowthrough, and a possible fourth regime which we call blowback. In the unplugged regime, the temperature is nearly constant along the magnetic field. In the plugged regime, there is a significant drop in temperature going into the divertor.
The blowthrough regime is an unplugged divertor with very low upstream and downstream scrapeoff temperatures coupled by the large thermal conductivity. The divertor is transparent to neutrals and the M1 is large, -0.5, in the scrapeoff. In other words, the blowthrough regime is a collisional plasma with r < 1, as indicated in Fig. 4 . This regime corresponds qualitatively to a high-density condition which precludes obtaining the high confinement (H mode) in PDX. The term blowthrough is used because as the density is raised in a plugged scrapeoff, the temperature drops rapidly, and the divertor becomes transparent to neutrals and unplugs. The previously plugged flow goes from nearly stagnant to nearly sonic (M-0.5), thus allowing significant flow into the divertor from the scrapeoff.
In the blowback state, the plasma neutralizes outside the divertor because the scrapeoff width becomes very large. This large width occurs at high densities and low temperatures where the collisionality is large [5] . As indicated in Figs. 3 and 4 , this region is a regime of very high collisionality and of high opacity in the divertor. The plasma may then be blown back into the main-chamber scrapeoff by recycling off surfaces in the main chamber. The temperature for this operating regime cannot be too low as the divertor must remain plugged enough to prevent significant loss of plasma in the divertor.
The first three regimes correspond qualitatively with those observed on ASDEX by Shimomura et al. [15] . The blowback regime would only be distinguished using two-dimensional measurements.
Comparison of the analytic model with detailed numerical simulations of the operating regimes for divertors is useful to validate and calibrate the analytic approach. In Table I 
IV. SUMMARY
We have presented a simplified one-dimensional model of the tokamak scrapeoff containing most of the basic physical processes important for determining particle and energy flow. The model can be used to represent edge losses into a divertor in large transport codes which model the radial profiles of tokamaks. The results of such modeling with the BALDUR transport code are discussed elsewhere [1] , [31, [161 . We find that the divertor opacity to neutrals and electron collisionality determines the different operating regimes. The first condition establishes the particle recycling, while the second determines the energy transport along the open field lines. The model shows qualitatively how these physical processes determine the scrapeoff conditions. It also makes it possible to model readily the dependence of the edge plasma flow and recycling on various geometrical factors, such as the fraction of gas pumped in the divertor, the length of the scrapeoff, and the length of the divertor.
